Boundary layer ingestion (BLI) is explored as a means to improve overall system performance for a Blended Wing Body configuration. The benefits of BLI for vehicle system performance benefit are assessed with a process derived from first principles suitable for highly-integrated propulsion systems. This performance evaluation process provides a framework within which to assess the benefits of an integrated BLI inlet and lays the groundwork for higher-fidelity systems studies. The results of the system study show that BLI provides a significant improvement in vehicle performance if the inlet distortion can be controlled, thus encouraging the pursuit of active flow control (AFC) as a BLIenabling technology.
INTRODUCTION
The effect of aviation on the environment and in particular global warming has recently become a focus of study 1 . In response to environmental concerns and to foster revolutionary propulsion technologies, NASA launched the Ultra Efficient Engine Technology (UEET) program in late 1999
2 . This program has several elements, one of which is to explore the feasibility of the Blended-Wing-Body (BWB) concept as an efficient alternative to conventional transport configurations. The BWB concept has been considered in various forms for several years. [3] [4] [5] [6] Studies have shown that in order to make the largest impact on the vehicle performance the engines and inlets should be placed near the upper surface on the aft section of the vehicle. However, the incorporation of the inlets on the surface of the vehicle increases the technical risk of the configuration 5 . Although Boeing reduced this risk by positioning the engines on pods for most of their configuration studies, the NASA UEET program has continued to pursue the goal of boundary-layeringesting (BLI) offset inlets for the BWB. Additional system studies, sponsored by NASA, continue to indicate the additional advantages of BLI inlet for the configuration including less fuel burn and lower noise characteristics. The configuration of the BWB with BLI is shown in Refs. 5 and 7 and pictured in Figure 1 .
When the engines are positioned near the surface, the BWB engine inlet will likely be an S-duct inlet with the capability to ingest the large boundary layer that will build up over the aircraft body. The inlet must perform this task in a manner compatible with engine performance requirements for distortion and pressure recovery. Since the boundary layer on the BWB is expected to be on the order of 30% of the inlet height, this presents a challenging task for inlet design. In addition, the performance assessment of such a highly-integrated propulsion system is a complex undertaking, requiring the simultaneous examination of many influential factors in order to determine whether BLI provides a benefit from a system standpoint. The trade-offs among reduced drag, weight savings or penalty, and engine operation must all be considered to assess the relative benefit of BLI technology. However, the engine must be able to operate acceptably in the BLI environment. Therefore, an acceptable level of distortion for engine operation must be achieved even if the engine operates at reduced efficiency levels.
This requirement for at least a minimum level of inlet performance under the severe conditions of an adverse pressure gradient from the S-duct and a very large onset boundary layer flow have led to the consideration of flow control devices in the inlet to control the flow in this type of configuration. Passive flow control in the form of micro vortex generators or microvanes can be used to improve the inlet flow. [7] [8] [9] [10] [11] [12] Reference 7 discusses work using passive devices for an S-duct with BLI while active flow control methods have also been investigated as a means to improve inlet flow for aggressive serpentine inlets with minimal BLI. [11] [12] Much research [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] is already underway to identify and develop active flow control devices and technologies for a variety of applications. This recent emphasis on active flow control and the successful progress in development of actuators, design tools, and control methodologies encouraged the hypothesis that a significant inlet boundary layer could be managed and improved by the application of active flow control.
The purpose of the present investigation was to demonstrate through a first principles analysis that BLI inlets with a nominal distortion penalty would be expected to improve the vehicle performance of a BWB configuration.
With this performance improvement in mind, the next step in the research program was to demonstrate for a 30% BLI offset inlet that active flow control can provide a nominal distortion level to the engine. Thus, active flow control becomes an enabling technology for the application and benefit of BLI inlets.
The process to assess the benefits of BLI was developed from first principles using a control volume approach to capture the integratedthrust/drag-force accounting. The Breguet range equation 26 is used to assess the impact of BLI inlet technology by considering various factors that contribute to the system performance. This initial assessment of BLI benefits for a BWB system can be further refined as better data become available.
The experimental active flow control study was conducted at low Mach numbers in order to demonstrate the concept before progressing to representative flight Mach numbers. During the experiment, an inlet with 30% BLI was tested at a free stream Mach number of 0.15 for several inlet mass flows. Pulsed, high mass flow actuators and micro vortex generators were used to provide active and passive flow control. Measurements of inlet distortion and pressure recovery were made at the Aerodynamic Interface Plane (AIP).
BENEFIT OF BLI
The effect of BLI on engine performance is known to be detrimental because BLI increases the distortion and reduces the pressure recovery at the inlet exit. 27 However, the overall system benefits of BLI must be analyzed to determine whether there is a benefit from BLI for a configuration. Reference 5 cites work done early in the development of the BWB configuration that indicated BLI might improve performance as much as 10%. As NASA has continued to explore the benefits of BLI for the BWB, there have been continued efforts to assess the BLI benefits in a progressively higher fidelity manner. As part of the systems benefits assessment, NASA sponsored a contract with The Boeing Company in 2001 to assess the BLI benefits for a representative BWB configuration. The method and findings presented here were the result of that contract.
Control volumes are established for both the baseline and the BLI inlet concepts. The fundamental governing equations of conservation of mass, momentum, and energy and the force balance equation are the basis for the analysis. An engine flow thermodynamic analysis is performed on a two dimensional representation of the combined vehicle and propulsion system configuration. The momentum deficit produced by the boundary layer is included in the control volume analysis for the BLI configuration.
As well, the installed engine performance due to BLI is accounted for in the specific fuel consumption (SFC) and net thrust levels for the engine performance. The baseline was a pylon-mounted engine configuration. The control volume surfaces are shown in Figure 2 The combined effect of the momentum deficit along with the associated configuration effects is analyzed using the Breguet range equation over relatively short range cruise segments to simplify the comparative analysis between the baseline and BLI installations. Baseline conditions representative of a 450 passenger vehicle were assumed for lift/drag, initial weight, final weight, velocity and range. Fuel burn weight decrement was selected to be constant to observe the impact of BLI integration on range. Propulsion system integration factors were incremented between the baseline and BLI configurations to track the changes due to BLI. Table 1 shows the summary of the propulsion system integration factors included in this analysis. The fidelity of the entire analysis is determined to a great extent by the fidelity of the analysis for each integration component . For this study, although many components were included to represent integration effects, there were many initial simplifying assumptions made for the factors because of the complexity of determining the magnitude of their effects. As more information becomes available, the uncertainty range of the results in the analysis is reduced.
The method assumes that the application of active flow control will decrease distortion of the inlet to a level that allows acceptable engine operation. Therefore, the method does not assess distortion as one of the factors. This is the underlying assumption that is included in most systems analysis of BLI that presumes that a technology such as active flow control will enable operations in a BLI environment. Thus the systems analysis only assesses the effect of BLI; the AFC performance is presumed in the basic analysis.
For each term in the Breguet equation, a delta due to the application of BLI was determined and the change in range was computed.
The percent improvement in range for 30% BLI for several future engine design by-pass ratios is shown in Figure 3 . With current technology levels near a bypass ratio of 10, this analysis shows an expected benefit of nearly 13% for the cruise portion of the profile. This benefit is significant enough to justify the pursuit of the active flow control technology to enable BLI for the configuration.
EXPERIMENTAL APPARATUS AND METHODS

Facility and Model
The experiment was conducted in two phases in the NASA Langley Basic Aerodynamics Research Tunnel (BART). This tunnel is an open return, atmospheric facility used primarily for fundamental flow physics research. The maximum flow speed entering the test section is approximately Mach = 0.17.
The model was located at a station 67 inches downstream of the start of the test section so that the natural boundary layer buildup of the facility could be used to simulate the boundary layer ingestion height of 30% of the inlet height. The tunnel boundary layer was allowed to transition naturally; measurements during previous testing have indicated the boundary layer is fully turbulent at station 50. The boundary layer height was verified by using a boundary layer rake to measure the onset boundary layer to the inlet during the test program. The boundary layer profile directly in front of the inlet is shown in Figure 4 . Analysis of the profile using Coles wake parameter 28 indicates the flow is experiencing an adverse pressure gradient and the thickness of the boundary layer is 1.5 inches or 36% of the inlet height. Boundary layer data obtained to the side of the inlet indicated the same height but the wake parameter indicated a zero pressure gradient.
The inlet model design and features are shown in Figures 5-6 . Figure 5 illustrates how the model inlet was mounted on the ceiling of the tunnel and breached the tunnel ceiling. The inlet installed in the tunnel is shown in Figure 6 . The inlet piece was constructed using stereo lithography and had no seams. The inlet was covered with a fiberglass cowl in the tunnel, and the pressure boundary between the model and the tunnel wall was sealed. A centrifugal blower provided the source for drawing air through the inlet and a calibrated venturi system measured the mass flow.
The inlet characteristics are listed in Table 2 and shown in Figure 7 . The inlet was designed in 2000 by Boeing under contract to NASA to provide an inlet that was representative of a general class of inlets that could be considered for application in a commercial BWB configuration. This inlet design is generic in nature and is an open geometry that can be used for computational validation and experimental studies. This inlet geometry has also been tested at high Mach number and Reynolds number during a different phase of the UEET program. 29 The inlet was instrumented with surface pressure ports along the top, bottom and sidewalls of the duct. A 40 probe total pressure rake shown in Figure 6b was positioned at the AIP to measure pressure recovery and distortion. The total pressure rake was designed to conform to the Society of Automotive Engineers (SAE) standard 30 ; in addition, the rake could be clocked at 15 and 30 degrees to provide a higher resolution measurement. The rake arms were airfoil shaped and had less than 10% blockage in the inlet. The probes on the rake and along the wall were connected to an electronic scanning pressure measurement system.
Flow Control Devices
Based on a series of risk reduction tests, 25 two flow control devices were considered for their effectiveness in controlling the flow characteristics of the inlet.
Microvanes have been shown by experiment and computational effort to be effective in controlling secondary flow and improving pressure recovery and distortion [7] [8] [9] [10] [11] [12] . However, there are indications that active flow control could provide better flow control characteristics, tailoring of flow management to flight condition, and eliminate concerns such as foreign object damage, icing possibilities and maintenance issues that hamper the application of micro vortex generators [12] [13] .
In order to provide a baseline passive device for flow control comparisons, micro vortex generators (MVG's) were installed inside the inlet. The MVG's were approximately 13% of the onset boundary layer height and were arranged in a co-rotating pattern at an angle of 22 degrees to the onset flow with the inlet lower surface centerline providing a plane of symmetry. The MVG's were located at a distance of 0.25 inches on either side of the lower surface centerline with a 0.625 inch spacing between each, following spacing guidelines 9 and were located at the same longitudinal station as the active flow control jets. With this layout, ten MVGs were present on the lower surface.
The active flow control actuators were a high-massflow, pulsing actuator that consisted of basically an electronically-controlled needle valve. The actuators could be controlled in frequency from 20Hz to 200 Hz and the duty cycle could be varied from 20% to 80%. The actuators required a pressure differential to operate, and the pressure differential, duty cycle, and frequency affected the amount of mass flow that could be passed through each actuator. For this test program, eight actuators were operated from a common manifold as shown in Figure 8 . For the cases presented here, the pressure into the actuator manifold was 100 psig.
The output of each actuator was directed through different combinations of connectors, tubing, and tees to the ports that were located in the model. The 32 port locations are shown in Figure 9 . Each port was installed at an angle of 30 deg to the surface tangent at 90 deg to the onset flow. There were two longitudinal locations of the actuator ports. The upstream location was at X/L of 0.36 and the downstream location was at X/L of 0.54. Various combination of actuator ports were evaluated during the test program, and a Design of Experiment (DOE) matrix was used in addition to the traditional one factor at a time method in order to establish the optimum performance for these jets in this inlet with these port location options. The ports for the bestperforming configuration, which were located at the upstream station only, are indicated in Figure 9 . When a port was not being used, the port was sealed. The total mass flow of the actuators for any given configuration was measured using a flow meter upstream of the manifold. A settling tank was used during the initial testing to ensure that unsteady flow oscillations did not feedback and influence the mass flow reading upstream. Once it was established that the flow meter was unaffected by the pulsed actuators, the settling tank was removed from the system in order to improve the system response to changes in commanded mass flow.
The actuators were computer controlled through a function generator and a switchbox. The actuators could be individually activated; however, all the active actuators were operated at the same frequency and duty cycle. Sweeps of duty cycle, frequency, and mass flow were made to determine the best operating conditions. A square wave signal was the control signal to the actuators.
A dynamic pressure transducer was installed near the actuator port for one of the actuators to measure the pressure signal that was injected into the flow. Although the input signal was a square wave, the pressure signal was attenuated through the tubing, and the signal that was injected into the flow had more of a shark fin shape as shown in Figure 10 .
Data Acquisition
The tunnel parameters were acquired using standard wind tunnel measurement techniques and the accuracy of the measurements is reported in Table 3 . The accuracy was assessed using the method of Reference 31.
Test Conditions
The main test conditions were established by setting the tunnel Mach number and the mass flow through the inlet. Tufts were used to verify the minimum mass flow rate that resulted in a smooth flow entering the inlet. Two primary free stream Mach numbers were tested, 0.10 and 0.15. Mass flow in the inlet was varied from 1250 to 1800 standard cubic feet per minute (SCFM), corresponding to the inlet mass flow requirement for the throat Mach number. The inlet throat Mach numbers were close to the respective free stream Mach numbers. The actuators were operated through ranges of frequency, mass flow, and duty cycle to determine the optimum performance for the given jet orifice layout. Baseline Flow Field Figure 11 shows the contours of total pressure ratios for the baseline with M=0.15 and 1800 SCFM inlet mass flow. The distortion as calculated using all three rake clock positions with 120 pressure measurements and the DC60 method 27 is 29%. The distortion calculated using the Aerospace Recommended Practice (ARP) 1420 standard circumferential distortion intensity element DPCP with the 40 probe rake positions is 0.0025. Pressure recovery for this case is 0.997. The effect of the onset boundary layer can be seen in the lower total pressure ratio levels at the bottom of the inlet. Because the duct geometry is relatively mild and the Mach numbers in this case are low, no separation was identified from the inlet wall surface pressures.
DISCUSSION OF RESULTS
Passive Flow Control Devices
MVGs were placed at the locations described above and the resulting distortion is shown in Figure 12 for a Mach number of 0.15 and an inlet flow of 1800 SCFM. For this condition, the MVGs reduce the distortion to a value of 10.8 % DC60 and 0.0014 DPCP. There was no attempt during this program to optimize the performance of the MVGs. Rather, they were evaluated to provide a benchmarking distortion goal for the active flow control devices.
Active Flow Control Devices Figure 13 presents the contours of total pressure ratios for the active flow control case with M=0.15, inlet mass flow = 1800 SCFM, and the actuators operating at 0.6% inlet mass flow, 50 Hz, and 80% duty cycle. The DC60 value of distortion is 4.6%. The ARP 1420 distortion (DPCP) is 0.000 where round-off error causes the calculation of DPCP to be difficult using standard tools. Pressure recovery for this case is still 0.997. Although the pressure recovery is unchanged due to the application of active flow control, the distortion is significantly improved.
This improvement demonstrates the ability of active flow control to enable the application of BLI technology to a configuration with minimal distortion penalty.
There were two assumptions that constrained the experimental portion of this program. The first was that active flow control could only use up to 1% of the inlet mass flow. This constraint was selected to minimize the impact of an active flow control system on the overall vehicle. The second assumption, obtained from industry, was that the maximum distortion level for engine operation was 10% DC60. The information indicated that a distortion level below the 10% DC60 was essential, but that distortion lower than 10% did not increase the benefit.
With these assumptions in mind, controlling the distortion in the inlet was examined from two different perspectives: the first was to determine the minimum distortion that can be achieved with actuator mass flow at 1% of inlet mass flow; the second was to identify the minimum mass flow that was required to achieve a distortion level below 10%. Figure 14 shows an actuator mass flow sweep and the resulting distortion for the best actuator configuration. The actuator mass flow is the total mass flow through all the actuators. There is a minimum distortion level at about 0.55% of inlet mass flow; above this level, the distortion increases for increasing actuator mass flow. The minimum mass flow to achieve a distortion level below 10% was 0.4%. These levels of actuator mass flow required and inlet distortion achieved indicate that active flow control may be a viable option for controlling distortion and enabling BLI as an option for various configurations. As discussed above, if the engine distortion can be controlled with AFC, the systems analysis study shows a significant benefit for the BLI configuration.
One of the benefits of active flow control over passive flow control methods is the ability to tailor the amount of active flow control applied for a given flow condition. The application of this would in most cases require some type of control system. For this research effort, a closed loop control system was developed to demonstrate the ability of the actuators to establish and hold a commanded distortion. The control system diagram is shown in Figure 15 . A series of sensitivity sweeps were run to obtain the system parameters such as gain and linearity. For the initial control system, an on-line DC45 27 calculated from the 40-probe rake was used as the control feedback sensor. The commanded distortion and the actual distortion tracked very closely for this configuration, as shown in Figure 16a .
For the final control system, a surface pressure near the AIP was used as the control feedback sensor. This surface pressure had shown a linear relationship to DC45 in the sensitivity sweeps. Using the surface pressure as the sensor, the commanded distortion and the actual distortion still tracked together fairly well, as shown in Figure 16b . This indicates that the active flow control system could be closed-loop controlled using only a pressure sensor in the wall of the inlet without any measurement disturbance in the inlet flow.
CONCLUSIONS
The purpose of the present investigation was to assess the potential performance benefit of 30% boundary layer ingestion (BLI) when applied to a Blended Wing Body (BWB) configuration and to demonstrate that active flow control can be effective as an enabling technology for BLI. The benefits of BLI were assessed with a method developed from first principles using a control volume approach to capture the force accounting and using the Breguet range equation to assess the impact of BLI inlet technology. Active flow control was demonstrated using an inlet with 36% BLI tested at a free stream Mach number of 0.15 with an inlet mass flow scaled for approximately the same throat Mach number. Pulsed, high-mass-flow actuators and micro vortex generators were used to provide active and passive flow control. The following conclusions are made:
1. The benefit of BLI to a representative, 450-passenger vehicle was an improvement in cruise range on the order of 13% for a bypass ratio 10 engine with 30% BLI. This is a significant enough improvement to encourage the pursuit of the active flow control enabling technology. 2. For M=0.15, the application of active flow control pulsed jets operating at 0.55% inlet mass flow in the inlet reduced the distortion from a DC60 value of 29% for the baseline to 4.6% for the active flow control case. 3. The effectiveness of the active flow control pulsed jets had a maximum at an actuator mass flow rate of 0.55% of the inlet mass flow. 4. The minimum actuator mass flow rate that resulted in a DC60 value of 10% or less was 0.4% of the inlet mass flow. 5. A closed-loop controller was demonstrated that used a surface static pressure as the feedback control sensor. 
